A s spinal fusions become more common and more complex, so do the sequelae of these procedures, which are sometimes poorly understood. We report on a series of patients who underwent removal of hardware after CT-proven solid fusion, further confirmed by intraoperative findings. These patients later developed a spontaneous fracture of the fusion mass that was not associated with trauma.
in which bilateral pedicle stress fractures 3 were sustained after removal of hardware and extension of fusion. Ito and colleagues have reported on 3 patients who sustained a fracture through an anterior strut graft after spondylectomy. 5 Finally, Waelchli and colleagues reported on 2 patients who experienced a refracturing of their thoracolumbar fracture after hardware removal. 12 To our knowledge, ours is the first single series of such patients, enabling closer examination of the possible risk factors for this serious complication following implant removal.
methods
After institutional review board approval, a retrospective chart review was conducted to assess the incidence, sequelae, and risk factors for spontaneous fusion mass fracture after hardware removal. There was no funding for this project. The operative case logs of the 3 fellowship-trained spine surgeons at an academic institution from 2008 to 2012 were investigated. All patients who underwent removal of hardware from the lumbar spine were initially identified. Patients who demonstrated a successful fusion via CT, with further documented solid fusion following intraoperative exploration of the fusion mass, and who subsequently developed a spontaneous (atraumatic) CT-proven fracture through the fusion mass were included. Patients who experienced fusion mass fracture due to trauma were excluded. Patients who had hardware removed and did not sustain a fracture were used as a control group.
For those patients experiencing fracture, medical records were examined. Age, sex, indication, date of index procedure, total number of surgeries, number of fused levels, indication for hardware removal, spinal level of fracture, timeline of fracture occurrence, smoking history, diagnosis of osteoporosis, diffuse idiopathic skeletal hyperostosis (DISH), and ankylosing spondylitis were recorded. Imaging was reviewed to confirm initial solid fusion, presence of fracture, and location of fracture. Sagittal balance was assessed and sagittal vertical axis (SVA), lumbar lordosis (LL), and pelvic incidence (PI) were calculated using 36-inch, standing scoliosis radiographs.
results
During the time period under review, 747 thoracolumbar fusions, 117 hardware removals, and 71 explorations of fusion were performed. Patients who had their hardware replaced in the same surgery or same hospitalization, those with unilateral hardware removal, and those with hardware removal after internal fixation only rather than bone fusion were excluded from further analysis. Fortythree patients were included for analysis. Seven patients (16%) had CT-and intraoperatively proven solid fusion, subsequent hardware removal, and a delayed spontaneous fracture of a previously fused segment from which the hardware had been removed (Table 1) . Thirty-six patients underwent hardware removal but did not experience a fracture and were used as a control group.
patient description
Five of the 7 patients experiencing fracture were female, and all were over 50 years of age. All patients had previously undergone multiple spinal surgeries (ranging from 3 to 8), with the index procedure performed for degenerative disease (including stenosis and spondylolisthesis) in 4 patients, scoliosis in 1 patient, discitis in 1 patient, and unknown in 1 patient. The index procedures were all remote, with the earliest occurring more than 30 years before presentation to our institution. Fusion materials used in the index procedures varied and included autologous graft, allograft, and bone morphogenetic protein (BMP). Four patients were smokers. Three patients had confirmed osteoporosis. The other 4 did not have a formal diagnosis of osteoporosis, but the diagnosis had not been excluded with the diagnostic tests available for our review. No patient had a diagnosis of ankylosing spondylitis or DISH.
Surgical history
All 7 patients had undergone removal of previously placed hardware during a surgery for which their fusion was being extended due to symptomatic adjacent-segment disease (ASD). One patient had adjacent segment degeneration but did not want an extension of fusion; for this patient, the hardware was removed and replaced only at a level of nonunion within the previous fusion. A discussion of performing a larger procedure for correction of overall sagittal balance was held with these patients, but in most cases the patients were believed to not be medically stable or refused the larger procedure in favor of a smaller procedure. Two patients had already received a pedicle subtraction osteotomy as part of a previous procedure to attempt to restore overall sagittal alignment. For each patient, a solid fusion of the previously instrumented levels was confirmed both by preoperative CT and by intraoperative findings. The senior authors' standard protocol for revision spine surgery is hardware removal for complete exposure and investigation of the fusion mass. If solid fusion is noted, the hardware is generally not replaced at the fused segments. The adjacent segment was instrumented to the end of the fusion mass in each case.
Fracture description
All 7 patients later developed a fracture within the fusion mass of the now uninstrumented segment. These fractures were spontaneous in all cases and occurred between 4 months and 4 years after hardware removal. In all cases, the patients presented with an increase in back pain that was chronic or subacute in nature and unrelated to any traumatic event. One patient had leg weakness, and 4 had progressive kyphosis.
The spinal level for fracture was L-5 in 6 of the 7 patients, which was the first uninstrumented level caudal to the newly placed hardware in all 6 of these patients. In the seventh patient, the fracture occurred at L-3, which was the adjacent proximal level to the new instrumentation. In all cases, the fracture was located in the posterolateral fusion mass. In 5 patients, the fracture also extended into at least 1 pedicle; in 2 patients, it additionally extended into the vertebral body (Fig. 1 ). SVA could be calculated for 5 of the 7 patients by using standing lateral scoliosis radiographs, with all patients having a sagittal imbalance of 13-15 cm prior to development of the fracture. The patients with additional fractures had obvious sagittal imbalance; however, the imbalance could not be formally calculated due to the lack of scoliosis radiographs prior to fracture development. All patients had upright lumbar lateral radiographs, enabling calculation of PI as well as lumbar lordosis. All of the patients except 1 had significant PI/LL mismatch (Table 1) .
Surgical outcomes
Six patients with fracture underwent surgery due to the fracture of their fusion mass; 1 patient desired conservative treatment with bracing. Of those who underwent surgery, reinstrumentation was performed of the levels from which hardware was previously removed, along with anterior column support via anterior interbody fusion (1 patient) or direct lateral interbody fusion (2 patients). Pelvic fixation was performed in 1 patient. Pedicle subtraction osteotomy was required for correction of kyphosis in 4 patients. An attempt to restore overall sagittal balance was made in each of the 6 patients who underwent surgery after their fracture.
The 36 patients who had hardware removed, but did not sustain a fracture, formed a control group for analysis. In contrast to the patients sustaining a fracture, these patients had an average SVA of only 1.5 cm. However, this patient population was somewhat different than the 7 patients who sustained a fracture. These patients tended to be younger (less than 50 years of age) and had hardware removed predominantly for pain, prominence, or infection, without symptomatic ASD or need for extension of fusion. Many were adult patients who had undergone surgery for adolescent idiopathic scoliosis. Only 7 of the 36 patients had hardware removed as part of an extension of fusion.
illustrative case
A 63-year-old woman (Case 3) with a history of smoking and osteoporosis presented with an acute increase in her back pain 5 months after surgery had been performed for ASD. Her index procedure had been an L-4 to sacrum fusion for spondylolisthesis, with the most recent surgery performed for symptomatic stenosis at L3-4 and L2-3, with progressive kyphosis at L1-2 and L2-3. An L2-4 laminectomy, L3-4 transforaminal interbody fusion, as well as an L1-4 posterolateral fusion was performed and, after intraoperative exploration of the L4-sacrum fusion demonstrated it to be solid, this hardware was removed and not replaced (Fig. 2) . The patient's recovery was unremarkable, until she presented with new-onset back pain 5 months postoperatively. A CT myelogram was performed, demonstrating an L-5 compression fracture with resultant kyphosis (Fig. 2) . A trial of bracing failed to resolve the patient's pain and the kyphosis progressed, prompting additional surgery. Her L1-4 fusion was extended to the pelvis.
discussion
Many important factors surrounding spinal fusion continue to be elucidated. In particular, the indications, outcomes, and sequelae after hardware removal have not been studied extensively. Generally, hardware removal may be undertaken if the patient presents with hardware prominence or if the pain is relieved by hardware injection, or both, so long as a solid fusion has been achieved. In addition, removal of instrumentation is generally performed following percutaneous pedicle screw stabilization of fractures once bone healing has taken place. Additionally, if the patient requires surgery at adjacent levels, but demonstrates a mature fusion of the previously operated on levels, consideration may be given to removing all or part of the previous hardware. This treatment option has been reported in several case reports of patients with a wide range of problems and procedures. [3] [4] [5] 12 The sequelae of hardware removal are largely unknown, but have been studied best in the scoliosis literature. Potter and colleagues have reported on the loss of coronal correction following instrumentation removal for adolescent idiopathic scoliosis, but note the lack of change in the sagittal plane. 9 Rathjen and colleagues also noted curve progression after hardware removal for idiopathic scoliosis in both the coronal and sagittal planes.
11
The effects of screw-rod constructs on fusion mass strength have been studied. The effect of stress shielding on spinal instrumentation has been confirmed in a canine model. 8 This study may be pertinent in our case series, particularly given the remote initial surgery for some patients, and the likely use of stainless steel rods in their index procedure, which have a higher modulus of elasticity than the currently used cobalt-chrome or titanium rods, thereby increasing the stress shielding effect.
All of the fractures in our series were adjacent to the new instrumentation. Spontaneous fracture of levels adjacent to fusion has been previously reported by Yasuhara and colleagues, who describe 2 cases of spontaneous L-1 fracture after 4-level fusions for lumbar degenerative disease in osteoporotic patients, 14 although in these patients, the fractured level was a single, nonfused segment. Similarly, Watanabe and colleagues described a series of 10 patients with a proximal junctional fracture of an unfused level after spinal deformity surgery. Risk factors in their series included advanced age, osteopenia, preoperative comorbidities, and severe global sagittal imbalance. 13 In our series, only 3 patients had confirmed osteoporosis; however, 5 had severe sagittal imbalance (SVA of at least 13 cm), and the additional patients also had sagittal imbalance, although it could not be calculated. Furthermore, all patients except 1 had PI/LL mismatch on upright lumbar imaging prior to fracture. In contrast, the patients who underwent hardware removal but experienced no fracture of their fusion mass had overall better sagittal balance. There was no patient with a fracture who had an SVA less than 13 cm; conversely, no patient without a fracture had an SVA greater than 9 cm, with most having adequate sagittal balance and an SVA less than 5 cm.
All of the patients sustaining a fracture in the present series had hardware removed during a surgery for adjacent level disease, often due to proximal junctional kyphosis. Radcliff and colleagues have demonstrated a rate of ASD to be approximately 2%-3% per year after a variety of decompression and stabilization procedures, with sagittal imbalance as a risk factor.
10 In a recent article by Lee and colleagues, statistically significant risk factors for proximal junctional kyphosis included advanced age, upper instrumented vertebra below L-2, lumbar lordosis to pelvic incidence ratio, and the sum of lumbar lordosis and sacral slope related to pelvic incidence.
7 Although a retrospective review by Glattes and colleagues was unable to establish sagittal imbalance as a risk factor for proximal junctional kyphosis, 2 a systematic review of 7 retrospective cohorts studying patients with long thoracolumbar fusions found a weak association of distal ASD with a higher preoperative sagittal imbalance. 6 Sagittal imbalance has previously been related to outcome, with Berjano and colleagues suggesting in a report of 12 patients that inadequate restoration of sagittal balance increases risk of failures and revisions.
1 Although in the current study we cannot establish a causative effect, all of the patients in our series who sustained a spontaneous fracture of the fusion mass underwent hardware removal during a surgery for ASD and all had severe sagittal imbalance, suggesting that complete hardware removal should be avoided in such cases. In contrast, patients with hardware removal who had better overall sagittal balance did not experience this complication. The overall occurrence of this phenomenon in our patient series was 16%, but all of those patients had an SVA greater than 10 cm. The development of a spontaneous fracture of a solid fusion mass may be related to positive sagittal imbalance. When performing revision fusions for adjacent level pathology, the primary goal should always be to restore proper sagittal alignment; however, in cases when this is impossible due to patient comorbidities or their desire for a smaller surgery, consideration should be given to reimplanting hardware across solid fusions to prevent spontaneous fracture of these areas.
conclusions
We present a case series of 7 patients who underwent surgery for ASD after a remote fusion who later developed a fracture of the fusion mass after hardware removal from their previously successfully fused segment. This complication may be related to sagittal imbalance, and consideration should be given to reimplanting hardware for these patients, even across good fusions, to prevent spontaneous fracture of these areas if the sagittal imbalance is not corrected. 
